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(57) Abstract 

This invention is a circulatory assist device having a housing (16) and a pumping membrane (14), with a control chamber (26) and 
a pumping chamber (28). The device is mounted on a catheter and collapsed to a sufficiently small diameter to allow insertion into the 
vascular system of a patient An expansion mechanism (20) in the device, such as a stent, can be expanded to hold the housing in an 
expanded, substantially rigid state, while control fluid is pumped into and evacuated from the control chamber to repeatedly deflect the 
pumping membrane. At least one opening (22) is formed in the device, to allow vascular fluid to enter and exit the pumping chamber as 
the pumping membrane deflects. Introduction and evacuation of control fluid can be synchronized widi the heart cycle of the patient After 
use. the housing is contracted to a smaller diameter to allow witlidrawal from the vascular system. 
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TITLE OF THE INVENTION 
Modified Circulatory Assist Device 

BACKGROUND OF THE INVENTION 
5 This invention is in the field of devices used to augment or replace the pumping 

capacity or other flow capabilities of a vascular system, such as the cardiovascular system. 
In particular, the present invention is in the field of devices which can be inserted 
percutaneously into a vascular system to augment the pumping capabilities of the system. 
I here are a number of conditions which can seriously impair the ability of a 

10 vascular system to maintain its required fluid flow rate. Different vascular systems are 
subject to different disorders which can impair the flow of vascular fluid. In particular, in 
Ihe cardiovascular system, the heart is in some circumstances unable to maintain adequate 
circulation of blood. Some of the conditions which can impair the ability of the heart to 
maintain the flow rate are myocardial infarction, physical trauma to the heart, 

15 cardiomyopathy, and infectious disease. The heart may fibrillate, or it may stop beating 
altogether, known as asystole, with either condition resulting in the inability to provide 
any flow. In addition, the performance of some surgical procedures, such as coronary 
artery bypass, may require that the heart be artificially arrested for the duration of the 
procedure. 

20 There are also conditions in which blood flow to a single organ may be reduced. 

In such a case, it may be desirable to selectively perfuse the organ, applying a higher 
pressure than that which can be provided by the circulatory system. An example of such a 
condition is atherosclerotic disease of the coronary arteries. In such a condition, the 
lumens of one or more coronary arteries are restricted by atheroma or atherosclerotic 

25 plaque. This results in a reduction in the blood flow rate to the heart muscle distal to the 
restricted section of artery. This reduction in blood flow rate can result in damage to the 
heart muscle, or to the tissues of any other organ which is so affected, caused by a 
reduction of the oxygen supply to the organ. Such a condition can be alleviated, at least 
temporarily, by increasing the blood pressure in the artery proximal to the restriction, to 

30 increase perfusion of the organ. Theoretically, an increase in the blood pressure provided 
by the circulatory system can be achieved by the administration of heart stimulants, or by 
the administration of blood transfusions. Unfortunately, these therapies also increase the 
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work load on the heart, thereby increasing the oxygen demand of the heart, resulting in a 
cancellation of the effect of the additional oxygen being supplied, where the organ being 
perfused is the heart. The increased demand can even exceed the additional oxygen being 
supplied. 

S Regardless of the exact nature of the reduction of flow, whether a reduction of 

cardiac output, a localized circulatory reduction, or a complete circulatory failure, it is 
desirable to be able to provide circulation of the blood with an artificial device. Such 
devices are commonly called circulatory assist devices. Heart failure, fibrillation, and 
asystole often require emergency care, because of the limited time during which remedial 

10 actions must be taken in order to be effective. In order for a circulatory assist device to be 
useful in the emergency care situation, the device must be quickly and easily insertable to 
the desired vascular location where the circulatory assistance is most effectively applied. 
Percutaneous application is the most advantageous procedure, because physical trauma to 
the patient is limited in such a procedure, and because emergency medical personnel are 

15 familiar with percutaneous insertion of various types of devices. 

It is also highly desirable for a circulatory assist device to possess several other 
attributes. It should be capable of providing a flow rate of at least 2.5 liters per minute, 
while maintaining an average arterial pressure of 90 mm of Hg. It is preferable that this 
flow be pulsatile, rather than continuous. Natural blood flow is pulsatile, and data shows 

20 that recovery is better when flow is pulsatile. The device should also be able to pump in 
synchrony with various points of the heart cycle or ECG, should a patient have some 
baseline function. 

The outside diameter of the device and its delivery catheter should be limited to no 
greater than 4 mm. This will minimize any damage to the blood vessel through which it 

25 passes. Further, this limited diameter will limit ischemia of the tissues distal of the 
insertion site during long periods of use. The circulatory assist device should have as few 
moving parts as possible, in order to minimize the chance of mechanical failure, and to 
limit the fabrication cost. The device should also be constructed so as to inflict as little 
damage as possible to blood cells. Finally, the device should be constructed so as to 

30 minimize the opportunity for coagulation within the device. 

It is the object of the present invention to provide a circulatory assist device which 
can be mounted to a catheter for percutaneous insertion into the vascular system and for 
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advancement to the treatment area, where increased flow is to be provided, with the 
diameter of the device being small enough to cause minimal trauma to the vascular 
system. It is a further object of the present invention to provide the circulatory assist 
device with a means for expanding to an operating volume, once located in the treatment 
5 area, with the operating volume being sufliciently large to provide an adequate flow rate 
of vascular fluid. It is a still further object of the present invention to provide the 
circulatory assist device with a pumping mechanism which has a minimum of moving 
parts, and which will cause minimal trauma to the cells of the vascular fluid. 

10 BRIEF SUMMARY OF THE INVENTION 

The present invention comprises a circulatory assist device, which, by way of 
example, incorporates an expandable housing, which can incorporate an expansion 
mechanism, mounted to a catheter. The housing can incorporate an inflatable membrane, 
or it can be simply a relatively open fluid container, open on one end, or even tubular. An 

15 inner pumping membrane is mounted within the expansion mechanism and housing. The 
pumping membrane can be an enclosure, encompassing either a pumping chamber or a 
control chamber, or it can constitute just one wall of a control chamber. Where the 
pumping membrane is an enclosure encompassing a pumping chamber or a control 
chamber, vascular fluid is moved by expansion and collapse of the pumping membrane. 

20 Where the pumping membrane constitutes one wall of a control chamber, vascular fluid is 
moved by inward and outward flexing of the pumping membrane. 

Importantly, the expanded housing of the present invention provides an enclosure 
which will not expand further when the control chamber is expanded, to provide a space 
within which efficient pumping can take place. It is known to insert a balloon into the 

25 thoracic aorta and repeatedly expand and collapse the balloon to augment blood flow. It 
has been noted, however, that if a balloon is expanded and contracted within a pliable 
enclosure, such as an artery or a heart chamber, the artery or heart chamber will expand 
with each expansion of the balloon. This expansion of the "pumping enclosure'* prevents 
efficient expulsion of the vascular fluid from the space between the balloon and the artery 

30 wall. Therefore, it is significant that the present invention incorporates a housing which 
will not further expand when the control chamber is pressurized. It has been found that 
this can increase the pumping output by a factor of two (2), or more. 
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If the pumping membrane of the present invention is designed to encompass a 
pumping chamber, it has at least one port through its wall, with the construction of the 
circulatory assist device being such that the port can be exposed to vascular fluid. If the 
pumping membrane is designed to encompass a control chamber, it encompasses at least 
5 one control fluid port through the catheter wall, with the construction of the circulatory 
assist device being such that control fluid can be delivered to the control fluid port to 
effect expansion and collapse of the pumping membrane. In either case, the pumping 
membrane is expanded and collapsed to cause vascular fluid, such as blood, to flow 
through the circulatory assist device as the pumping membrane expands and collapses. 

10 If the pumping membrane is designed to form one wall of a control chamber, it 

has one side which can be exposed to vascular fluid. The other side of the pumping 
membrane is exposed to at least one control fluid port in the catheter wall, with the 
construction of the circulatory assist device being such that control fluid can be delivered 
to the control fluid port to effect inward and outward flexing of the pumping membrane. 

15 In this design, the pumping membrane is flexed inwardly and outwardly to cause vascular 
fluid, such as blood, to flow through the circulatory assist device as the pumping 
membrane flexes. 

A single vascular fluid port can be provided in the circulatory assist device to 
allow vascular fluid to flow into and out of the device through the same port. This single 

20 port reciprocating type of flow can be used where the device is positioned within the left 
ventricle of the heart, for instance, making use of the unidirectional flow characteristics of 
the mitral valve and the aortic valve. Alternatively, instead of using a single port, two or 
more ports can be used to control the direction of flow of the fluid. For instance, the ports 
can be fitted with one way valves to cause the vascular fluid to enter the circulatory assist 

25 device through the appropriate port, and to exit the circulatory assist device through the 
appropriate port, flowing in the desired direction. Further, a flow through type of housing 
can be utilized, being essentially open on both ends. Either the multiple-port or the flow- 
through unidirectional type of flow can be used where the device is positioned within the 
aorta. Additionally, in the multiple port type of device, either the inlet port or the outlet 

30 port can be fitted with an external tube to draw fluid from a smaller diameter vessel, or to 
inject fluid into a smaller diameter vessel. This latter method could be used to provide 
blood flow into the feeding artery of a selected organ, such as a coronary artery. 
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Expansion and collapse, or flexing, of the pumping membrane is enabled by first 
creating a rigid or semi-rigid housing or enclosure having a substantially constant inner 
space within which the pumping membrane can be repetitively flexed, or expanded and 
collapsed. This constant inner space between the housing and the pumping membrane 
S can be a control space, if it is used to provide control of the size or shape of the pumping 
membrane, in which case the other side of the pumping membrane serves as the vascular 
fluid space. Conversely, the constant inner space within the housing can be a vascular 
fluid space, in which case the inside of the pumping membrane encompasses a control 
space, which is used to provide control of the size of the pumping membrane. 

10 First, the housing and the pumping membrane are introduced percutaneously into 

the vascular system while maintained at a first, relatively small, diameter. The housing 
and the pumping membrane, still in a collapsed condition, are advanced to the treatment 
area, such as the left ventricle of the heart. Then, the housing is expanded to a selected, 
relatively larger, diameter, the size of which depends upon the size of the treatment area. 

15 Along with the housing, an expansion mechanism is expanded to this selected larger 
diameter. The expansion mechanism and the housing constitute a rigid or semi-rigid 
enclosure for the control space. 

The expansion mechanism is designed to maintain the larger diameter until it is 
reshaped to a smaller diameter for eventual withdrawal from the vascular system. The 

20 expansion mechanism can either provide the expansion force itself, or it can be expanded 
by fluid pressure or other forces. The expansion mechanism is located near the housing; 
it can be positioned inside the housing, or outside the housing, or it can be incorporated in 
the wall of the housing. The expansion mechanism can also be attached to the housing, 
for instance if it is positioned outside the housing. It can be an expandable stent, which is 

25 expanded by fluid pressure inside the housing, if the housing incorporates an inflatable 
outer membrane. This hydraulically expandable type of stent requires a protective 
membrane outside the outer membrane, which can be pressurized to return the stent to its 
smaller diameter. Altematively, the expandable stent can be made of a thermally 
expandable material, such as a nickel titanium alloy. Such a thermally expandable stent 

30 can be expanded to the larger diameter by being exposed to a first temperature, such as a 
relatively higher temperature, and returned to the smaller diameter by being exposed to a 
second temperature, such as a relatively lower temperature. Exposure of the thermally 
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expandable stent to the vascular fluid can cause it to expand, or a control fluid at the 
appropriate temperature can be used for this purpose. In either case, a control fluid at the 
desired second temperature can be used to return the thermally expandable stent to the 
smaller diameter. 

S The expansion mechanism can also take other forms. A self-expanding element 

can be used, such as an outwardly biased cylindrical cage or a plurality of outwardly 
biased flexible prongs. The self-expanding element can be retained at a smaller diameter 
by a retention sheath, until positioned in the treatment area. Then, the self-expanding 
element can be expelled from the retention sheath to allow the self-expanding element to 

10 expand to a larger diameter, thereby expanding the housing along with it. The outward 
bias of the self-expanding element would maintain the housing at the larger diameter, 
functioning as the rigid or semi-rigid enclosure, to maintain the space within which the 
irmer membrane operates. 

Further, the expansion mechanism can take the form of a helical spring which has 

IS a larger diameter associated with a shorter length, and which has a smaller diameter 
associated with a longer length. The spring can be biased toward either the shorter length 
or the longer length. Selectively changing the length of the spring transforms its diameter 
accordingly. If the spring is biased toward the shorter length, it can be held under tension 
until positioned in the treatment area, at which lime the tension can be released, allowing 

20 the spring to transform to the larger diameter. Conversely, if the spring is biased toward 
the longer length, it can be placed under compression once in the treatment area, 
transforming the spring to the shorter length and the larger diameter. In either case, 
reversing the process transforms the spring to the smaller diameter for withdrawal from 
the vascular system, once the pumping has been completed. 

25 Regardless of the type of expansion mechanism used, a constant inner space is 

created inside the housing, between the housing and the pumping membrane. Control 
fluid can be repeatedly pumped into, and evacuated from, this constant inner space, where 
the constant space is utilized as a control space. When control fluid is pumped into the 
control space, the pumping membrane collapses, or flexes outwardly, expelling any 

30 vascular fluid which may be inside the device. When the control fluid is evacuated from 
the control space, the pumping membrane expands, or flexes inwardly, drawing in 
vascular fluid. Repetition of this process provides the necessary flow of vascular fluid. 
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Alternatively, where the pumping membrane encompasses a control chamber, 
control fluid can be repeatedly pumped into, and evacuated from, the space within the 
pumping membrane. When control fluid is pumped into the control space, the pumping 
membrane expands, expelling any vascular fluid which may be in the constant inner space 
S between the housing and the pumping membrane. When the control fluid is evacuated 
from the control space, the pumping membrane collapses, drawing vascular fluid into the 
constant inner space between the housing and the pumping membrane. Repetition of this 
process provides the necessary flow of vascular fluid. 

If the heart has some baseline, albeit diminished, pumping activity, the pumping of 
10 fluid into the control space must be timed with the cardiac cycle. If the pump is placed in 
the aorta, then the pumping should be synchronized with diastole. If it is placed in the 
ventricle, it should be synchronized with systgle. 

The novel features of this invention, as well as the invention itself, will be best 
IS understood from the attached drawings, taken along with the following description, in 
which similar reference characters refer to similar parts, and in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a section view of a first embodiment of the apparatus of the present 
20 invention; 

Figure 2 is a section view of a second embodiment of the apparatus of the present 
invention, without a protective membrane; 

Figure 3 is a section view of a third embodiment of the apparatus of the present 
invention, with a first type of self-expanding element; 
25 Figure 4 is a section view of a fourth embodiment of the apparatus of the present 

invention, with a second type of self-expanding element; 

Figure 5 is a section view of a fifth embodiment of the apparatus of the present 
invention, with ports in the proximal cone; 

Figure 6 is a section view of a sixth embodiment of the apparatus of the present 
30 invention, with an enlarged port; 

Figure 7 is a section view of a seventh embodiment of the apparatus of the present 
invention with a full discharge inner membrane; 
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Figure 8 is a section view of an eighth embodiment of the apparatus of the present 
invention, with a helical spring expansion mechanism, and with the membranes in the 
contracted state; 

Figure 9 is a section view of the embodiment shown in Figure 8, in the expanded 

5 state; 

Figure 10 is a section view of a ninth embodiment of the apparatus of the present 
invention, with a stiffening mandrel passing through the inner membrane, and with the 
membranes in the contracted state; 

Figure 11 is a section view of the embodiment shown in Figure 10, in the 
10 expanded state; 

Figure 12 is a section view of a tenth embodiment of the apparatus of the present 
invention, with a stiffening mandrel passing outside the inner membrane, and with the 
membranes in the contracted state; 

Figure 13 is a section view of the embodiment shown in Figure 12, in the 
IS expanded state; 

Figure 14 is a section view of an eleventh embodiment of the apparatus of the 
present invention, with one variety of a non-inflatable container-type housing; 

Figure 1 5 is a section view of the apparatus of the present invention, showing one 
means of expanding the housing of the embodiment shown in Figure 14 with a cylindrical 
20 stent; 

Figure 16 is a section view of a twelfth embodiment of the apparatus of the present 
invention, with a second variety of non-inflatable container-type housing, and showing 
expansion of the housing with a tapered stent; 

Figure 17 is a section view of a thirteenth embodiment of the apparatus of the 
25 present invention, with one variety of inflatable membrane-type housing, and showing an 
inwardly and outwardly flexing pumping membrane; and 

Figure 18 is a section view of a fourteenth embodiment of the apparatus of the 
present invention, with a third variety of non-inflatable container-type housing having a 
flow-through design. 

30 



. wo 98/18508 PCT/US97/19412 

9 

DETAILED DESCRIPTION OF THE INVENTION 
The present invention is a circulatory assist device which consists primarily of a 
pumping mechanism utilizing a housing and a pumping membrane mounted on a catheter. 
The housing, which can be equipped with an expansion mechanism, provides an 
S enclosure within which the pumping membrane can flex, or expand and collapse, to take 
in and expel a vascular fluid. The space between the pumping membrane and the housing 
can be repeatedly evacuated and then pressurized with a control fluid, to flex or expand 
and collapse the pumping membrane. Alternatively, a space enclosed within the pumping 
membrane can be repeatedly evacuated and then pressurized with a control fluid, to 

10 expand and collapse the pumping membrane. 

As seen in the embodiment shown in Figure 1 , the circulatory assist device (CAD) 
JO of the present invention is mounted on a catheter 12. The CAD 10 includes a flexible 
inner pumping membrane 14, and a flexible housing 16 surrounding the pumping 
membrane 14. Depending upon the means by which the expansion of the CAD 10 is 

15 achieved, the CAD 10 can also be fitted with a flexible protective membrane 18, 
surrounding the housing 16. In some embodiments, a protective membrane 18 is not 
required. The housing 16 and the membranes 14, 18 can be made of a flexible material 
which can expand up to a desired size, or diameter, after which the material essentially 
does not expand further, even if the pressure inside the housing or membrane is increased 

20 further. Such materials, and the processes used in their fabrication, are widely used in the 
manufacture of balloons for angioplasty. 

An expansion mechanism, such as a substantially cylindrical expandable stent 20, 
can be mounted in the CAD 10, near the housing 16. The stent 20 can be incorporated in 
the wall of the housing 16, or the housing 16 could consist of two laminated membranes, 

25 with the stent 20 captured therebetween. Alternatively, as will be illustrated below, the 
stent 20, or another similar expansion mechanism, could be located inside the housing 16, 
or outside the housing 16. Various other embodiments of the expansion mechanism can 
be used in place of the stent 20, but the stent 20 will generally be described herein, with 
the understanding that other embodiments could also be used. In any case, the expansion 

30 mechanism is positioned relative to, or attached to, the housing 16 in such a way that the 
housing 1 6 will expand with the expansion mechanism. 
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The stent 20 is an expandable, substantially cylindric£il, lattice of elongated 
elements of plastic or metal. It can be similar to cardiovascular stents known in the art. 
The stent 20 is assembled in the CAD 10 while at a smaller diameter, substantially the 
diameter of the catheter 12. When the CAD 10 is positioned in the treatment area, fluid 

5 pressure can be introduced inside the stent 20 and the housing 1 6, to expand the stent 20 
to a larger diameter. When the intcmal pressure is released, the stent 20 will retain its 
larger diameter, until it is eventually compressed by the application of fluid pressure to 
the outer surface of the stent 20. In some other embodiments, the expansion mechanism 
itself provides the expanding force, such as stents made of a nickel-titanium alloy, such as 

10 nitinol, which expands upon exposure to a higher temperature. Other stents can be 
mechanically biased toward a larger or smaller diameter, and physically manipulated to 
achieve the desired diameter. In all embodiments, once expanded, the purpose of the 
expansion mechanism is to hold the housing 1 6 in the expanded state. 

Figure 1 shows the CAD 10 in its expanded state, wherein the housing 16, the 

15 membranes 14, 18, and the stent 20 are all expanded to a diameter which is relatively 
larger than the diameter of the catheter 12. This expanded diameter provides sufficient 
room for adequate pumping capacity. For use in the cardiovascular system of an adult 
patient, an expanded diameter of 35 mm. might be used. The housing 16, the membranes 
14, 1 8, and the stent 20 are also collapsible to a relatively smaller diameter, in the range of 

20 2.5 to 4 mm., at which the CAD 10 is essentially the same diameter as the catheter 12. 
This contracted diameter makes the CAD 10 small enough to be easily inserted 
percutaneously and advanced through the vascular system of the patient. 

A port 22 for the flow of blood or other vascular fluid is formed in the distal end 
of the pumping membrane 14, extending through the housing 16 and the protective 

25 membrane 18. When the CAD 10 is positioned within a vascular system, such as the 
cardiovascular system, of a patient, the CAD 10 is positioned so that the port 22 is 
exposed to the blood in the system, at the treatment area, where circulatory assist is 
required. For example, depending upon the particular embodiment of the invention in 
use, the location of the CAD 1 0 could be in the left ventricle of the heart, or it could be in 

30 the aortic arch. 

When the pumping membrane 14 is in the expanded state, a pumping chamber 24 
within the pumping membrane 14 is expanded to its largest volume. The expansion of the 
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pumping chamber 24 draws in the vascular fluid through the port 22. Subsequent 
collapse of the pumping chamber 24 expels the vascular fluid through the port 22. The 
size of the pumping chamber 24 can be designed to achieve the desired flow rate, given a 
selected pulse rate. For instance, if the CAD 10 is to be used in the cardiovascular 
5 system, it has been found that pulsatile flow at the frequency of the heartbeat is most 
beneficial. A pulse rate of 100 cycles per minute would be reasonable. In the 
cardiovascular system, it can be desirable to achieve a flow rate of up to 5 liters per 
minute. Therefore, if these parameters are assumed, the pumping chamber 24 should 
have a volume of 50 cc. to achieve the desired flow rate. 

10 When the housing 16 is in the expanded state, a control chamber 26 is created 

between the housing 16 and the pumping membrane 14. This control chamber 26 is 
repetitively evacuated and pressurized with a control fluid, to achieve the expansion and 
collapse of the pumping membrane 14. While the housing 16 is held in the expanded 
state by the stent 20, the total volume enclosed by the housing 16 remains essentially 

15 constant, but the volume of the control chamber 26 decreases and increases as the 
pumping membrane 14 expands and collapses. Pressurization of the control chamber 26 
collapses the pumping membrane 14, rather than further expanding the outer balloon 16, 
because the stent 20 and the housing 16 have been expanded to their greatest possible 
diameter. Evacuation of the control chamber 26 expands the pumping membrane 14, 

20 rather than collapsing the housing 16, because the stent 20 retains its expanded diameter. 
This requires that the external to internal pressure differential across the housing 16 
during evacuation of the control chamber 26 be kept below the pressure differential 
required to compress the stent 20. 

It should be noted that, in the particular embodiment discussed here, with a stent 

25 20 which is expandable and compressible by the application of internal and external fluid 
pressure, the control chamber 26 is initially pressurized with a control fluid to expand the 
stent 20 and the housing 16. Once this expansion of the stent 20 has been achieved, the 
control chamber 26 can then be evacuated and repressurized to achieve the pumping 
discussed above. When the expansion mechanism is the type which is compressed by 

30 external fluid pressure, a second control space 28 is provided between the protective 
membrane 18 and the housing 16. The second control space 28 can be pressurized with a 
control fluid to compress the stent 20 and the housing 16 to a smaller diameter, to allow 
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for removal of the CAD 10 from the vascular system. Alternatively, if the thermally 
expandable stent 20 is used, control fluid at the desired temperature can be introduced 
into either of the control spaces 26, 28 to control the diameter of the stent 20 and, 
consequently, the housing 16. 

5 The shape of the pumping membrane 14 shown here is a substantially cylindrical 

body, with a tapered distal end cone 30 and a tapered proximal end cone 32. The housing 
16 and the protective membrane 1 8 have similar shapes. Other shapes could also be used 
without departing from the spirit of the present invention. 

The catheter 12 has its proximal end connected to a control fluid flow device such 

10 as a pump P. The control fluid flow device must be capable of applying a fluid pressure 
and drawing a vacuum. A syringe could also be used in some of the embodiments. The 
catheter 12 shown in Figure 1 is a multi-lumen catheter, but some of the embodiments can 
be used with single-lumen catheters. A first lumen 34 can be provided in the catheter 12, 
to allow flow of the vascular fluid into or out of the pumping membrane 14. The first 

15 lumen 34 could be used for sampling of the vascular fluid or to direct the vascular fluid 
from one location to another. Additional ports (not shown) could be provided proximal to 
the CAD 1 0, to allow flow of vascular fluid into or out of the first lumen 34. A second 
lumen 36 is provided in the catheter 12, to allow the flow of control fluid between the 
control fluid flow device P and the control chamber 26. The second lumen 36 is used to 

20 hydraulically or thermally expand the stent 20 and the housing 16, and to pressurize and 
evacuate the control chamber 26 for pumping purposes. A third lumen 38 is provided in 
the catheter 12, to allow the flow of control fluid between the control fluid flow device P 
and the second control space 28. The third lumen 38 is used to thermally expand the stent 
20 to create a pump housing for the pumping membrane 14, or to hydraulically or 

25 thermally compress the stent 20 and the housing 1 6 to a smaller diameter for withdrawal 
from the vascular system. 

Figure 2 shows a second embodiment of the present invention with a few 
variations from the embodiment shown in Figure 1 . The stent 20 used in this embodiment 
is the thermally expanding stent 20 made of a material such as nitinol. A control fluid at a 

30 relatively higher temperature can be introduced into the control chamber 26 through the 
second lumen 36, to expand the stent 20. Alternatively, the vascular fluid in which the 
CAD 10 is immersed, such as blood, can be at a sufficiently high temperature to expand 
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the stent 20. Compression of the stent 20 can then be achieved by introducing a control 
fluid at a relatively lower temperature into the control chamber 26. This embodiment also 
exhibits a one-way inlet valve 40 in the port 22, and a one-way outlet valve 42 in the first 
lumen 34, to control the direction of flow of the vascular fluid. The arrangement of the 
5 one-way valves 40, 42 would allow the CAD 10 to draw in blood, for instance, at the 
aortic arch, and direct the flow of blood to a particular artery, to perfuse a selected organ. 
Other arrangements of one-way valves could be used to control the direction of flow as 
desired for any particular application. 

Figure 3 shows an embodiment of the CAD 10 which has a self-expanding stent 

10 20. The self-expanding stent 20 shown here is an outwardly biased cage shaped element. 
The stent 20 can be retained within the retention sheath 44, which is a part of the catheter 
12, during insertion of the CAD 10 into the vascular system. Once the CAD 10 is. 
positioned in the treatment area, a positioner 46 can be used to push the stent 20 beyond 
the distal end 48 of the retention sheath 44, allowing the stent 20 to expand to its larger 

15 diameter. Conversely, the positioner 46 can be used to pull the stent 20 back within the 
retention sheath 44, to reduce the diameter of the CAD 10 for withdrawal from the 
patient. A protective membrane 18, as shown in Figure 1, could also be used with the 
self-expanding stent 20, to allow external prcssurization of the stent 20 to hydraulically 
compress the stent 20 to its smaller diameter. Finally, the thermally expandable stent 20 

20 could be used in the embodiment shovm in Figure 3. Ejection of the thermally 
expandable stent 20 from the retention sheath 44 would expose the stent 20 to the 
temperature of the blood, to cause the stent 20 to expand. Control fluid at a lower 
temperature could then be pumped into the control chamber 26, to return the stent 20 to 
its smaller diameter. 

25 Figure 4 shows a second type of the self-expanding expansion mechanism in the 

form of a plurality of flexible, outwardly biased prongs 21 , The prongs 21 can be retained 
within the retention sheath 44, during insertion of the CAD 10 into the vascular system. 
Once the CAD 10 is positioned in the treatment area, the positioner 46 can be used to 
push the prongs 21 beyond the distal end 48 of the retention sheath 44, allowing the 

30 prongs 21 to expand outwardly, to stretch the housing 16 to its larger diameter. 
Subsequently, the positioner 46 can be used to pull the prongs 21 back within the 
retention sheath 44, to reduce the diameter of the CAD 10 for withdrawal from the 
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patient. . A protective membrane 18, as shown in Figure 1, could also be used with the 
self-expanding prongs 21, to allow pressurization of the second control space 28, to 
achieve hydraulic compression of the prongs 21, to return the expansion mechanism to its 
smaller diameter. 

5 Figure 5 shows an embodiment of the invention in which the vascular fluid enters 

and exits the pumping chamber 24 through ports 23 located in the proximal cone 32 of the 
pumping membrane 14. The proximal cones of the housing 16 and the protective 
membrane 18 are bonded to the proximal cone 32 of the pumping membrane 14. The 
catheter 12 used with this embodiment is a double-lumen tube. Pressurization and 

10 evacuation of the first control chamber 26 are achieved through the first control fluid 
lumen 36 and the inner control fluid port 37. Pressurization and evacuation of the second 
control space 28 are achieved through the second control fluid lumen 38 and the^puter 
control fluid port 39. An outer plug 50 seals the distal end of the CAD 10, and an inner 
plug 52 seals the distal end of the housing 16. This embodiment is particularly useful 

15 when it is desirable to direct the flow of vascular fluid proximally. For instance, the CAD 
10 can be positioned in the left ventricle, with the ports 23 placed close to, and directed 
toward, the aortic valve. This would direct the flow of blood through the aortic valve, to 
assist the action of the ventricle. Depending upon the type of expansion mechanism used 
with this embodiment, such as the thermally expandable stent 20, the protective 

20 membrane 1 8 may be eliminated. 

Figure 6 shows another embodiment, which is a variation of the embodiment 
shown in Figure 5. In this embodiment, the proximal cones of the housing 16 and the 
membranes 14, 18 are not attached to the catheter 12, and the port 23 is open all around 
the catheter 12. This significantly increases the cross-sectional flow area through the port 

25 23. 

In applications where it is necessary to maximize the flow of vascular fluid in each 
pulse, the embodiments shown in Figures 5 and 6 have a disadvantage in that the bonding 
together of the proximal cones of the housing 16 and the membranes 14, 18 can prevent 
the complete collapse of the pumping membrane 14. This can be remedied as shown in 
30 Figure 7, where an expansion fold 54 of material is formed in the pumping membrane 14. 
The expansion fold 54 will fold up when the pumping membrane 14 experiences 
expansion into the housing 1 6, and the expansion fold 54 will distend when the pumping 
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membrane 14 collapses, allowing the pumping membrane 14 lo fully collapse and 
completely expel the vascular fluid from the pumping chamber 24. 

Figures 8 and 9 show another embodiment which incorporates a self-expanding 
mechanism in the form of a helical spring 25. The helical spring 25 has two 

5 configurations. One configuration is shown in Figure 8, where the length of the spring 25 
is extended, and its diameter is reduced. The other configuration is shown in Figure 9, 
where the length of the spring 25 is reduced, and its diameter is expanded. The distal end 
of the spring 25 is anchored to the distal end of the CAD 10. A spring controller 56 is 
attached to the proximal end of the spring 25, for transforming the spring 25 from one of 

10 these configurations to the other. Two types of spring 25 could be used. 

One type of spring 25 would be biased toward the shortened configuration shown 
in Figure 9, with the expanded diameter. Irv such a spring, it would be necessary to place 
the spring 25 under tension with the spring controller 56, to hold the spring 25 in the 
lengthened configuration, with the reduced diameter, during insertion or withdrawal of the 

15 CAD 10 through the vascular system. Then, the tension could be released to allow the 
spring 25 to transform to its expanded diameter to hold the housing 1 6 in the expanded 
state. With this type of spring, the spring controller 56 could be either a relatively stiff 
member or a cable. 

Another type of spring 25 would be biased toward the lengthened configuration 
20 shown in Figure 8, with the reduced diameter. In such a spring, it would be necessary to 
place the spring 25 under compression with the spring controller 56, to transform the 
spring 25 to the shortened configuration, with the expanded diameter, to hold the housing 
16 in the expanded state. The spring 25 could be allowed to take its natural, lengthened, 
configuration during insertion or withdrawal of the CAD 1 0 through the vascular system. 
25 With this type of spring, the spring controller 56 must be a relatively stiff member. 

When using a helical spring 25 as the expansion mechanism, it may be detrimental 
to rely entirely on the tensile or compressive strength of the housing 16 and the pumping 
membrane 14 to resist the force in the spring 25. For instance, with the short-biased type 
of spring 25, the housing 16 and the pumping membrane 14 may not have sufficient 
30 compressive strength to resist the tension placed in the spring 25 by the spring controller 
56 to hold the spring in the configuration shown in Figure 8, In such a case, the housing 
16 and the pumping membrane 14 would tend to bunch up, and the spring 25 could not be 
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transformed to ils reduced diameter for passage through the vascular system. Similarly, 
with the long-biased type of spring 25, the housing 16 and the pumping membrane 14 
may not have sufficient tensile strength to resist the compression placed in the spring 25 
by the spring controller 56 to transform the spring 25 to the configuration shown in Figure 

5 9. In such a case, the housing 16 and the pumping membrane 14 would tend to extend 
axially when compression of the spring 25 is attempted, and the spring 25 could not be 
transformed to its expanded diameter to hold the housing 16 in the expanded state. 

The embodiments shown in Figures 10 through 13 can be used to alleviate this 
problem. Figures 10 and 11 show a mandrel 58 passing through the center of the 

10 pumping membrane 14, and anchored to the CAD 10 at its distal end. The penetration of 
the mandrel 58 through the pumping membrane 14 must be scaled. The mandrel 58 holds 
the distal ends of the housing 16 ,and the pumping membrane 14 in place during 
application of tension or compression by the spring controller 56. If the short-biased type 
of spring 25 is used, the mandrel 58 must be a relatively stiff member to resist 

15 compression. If the long-biased type of spring 25 is used, the mandrel 58 can actually be 
very flexible, like a wire or cable. More than one mandrel 58 can be used in each CAD 
10, if required for the necessary tensile or compressive strength. Figures 12 and 13 show 
a mandrel 58 passing outside the pumping membrane 14, and inside the spring 25, and 
anchored to the CAD 10 at its distal end. This eliminates the necessity for penetrating the 

20 pumping membrane 14, but the pumping membrane 14 must be constructed with 
longitudinal folds or creases, to allow it to expand around the mandrel 58, as shown in 
Figure 13. 

Figure 14 shows yet another embodiment of the CAD 10, having a housing 16 and 
a pumping membrane 14 mounted on a catheter 12. In this embodiment, the housing 16 

25 constitutes an open container type of enclosure, rather than an inflatable membrane type 
of enclosure, being open at its proximal end. The pumping membrane 14 encompasses a 
control chamber 26, while the space between the housing 16 and the pumping membrane 
14 constitutes a pumping chamber 24 for moving vascular fluid in and out of the CAD 10, 
as shown by the arrow VF. 

30 The housing 16 can be expanded to the condition shown by use of any of the 

previously described non-inflating mechanisms, such as the expandable stent, the 
expandable spring, or the expandable prongs. A control fluid port 60 is formed in the wall 
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of the catheter 12, allowing the pressurization of the control chamber 26 with control 
fluid. As the control chamber 26 is pressurized with control fluid, the pumping membrane 
expands, forcing vascular fluid out of the pumping chamber 24. Evacuation of control 
fluid from the control chamber 26 collapses the pumping membrane 14, drawing vascular 
fluid into the pumping chamber 24. 

Figure 15 shows how a stent 20 can be imbedded within the wall of the housing 
16, to hold the housing 16 in its expanded state to form a pumping enclosure for the 
pumping membrane 14. Regardless of what type of mechanism is used to hold the 
housing 16 in its expanded state, the housing gives a non-expanding enclosure which 
increases the pumping capacity of the CAD 10 beyond the capacity which would be 
available by simply expanding and contracting a pumping membrane in an expandable 
enclosure, such as an artery. 

Figure 1 6 shows another embodiment of the present invention, with a tapered stent 
20 imbedded within the wall of the non-inflatable housing 16, to hold the housing 16 in 
its expanded state to form a pumping enclosure for the pumping membrane 14. 

Figure 17 shows an embodiment of the CAD 10 having an inflatable housing 16, 
with a stent 20 imbedded in the wall of the housing 16. This embodiment also shows a 
flat pumping membrane 14, attached between the end of the housing 16 and the catheter 
12. Rather than being flat, the pumping membrane 14 could have any other shape which 
allows it to flex inwardly and outwardly, as will be described. A control fluid port 60 is 
provided in the wall of the catheter 12, between the housing 16 and the pumping 
membrane 14. Further, an inflation port 62 is provided within the housing 16, and 
partition membrane 64 is attached to the housing 16 and the catheter 12, between the 
control port 60 and the inflation port 62. The catheter is constructed with multiple lumens 
as previously discussed, to provide control fluid to the control port 60, and to provide 
inflation fluid to the inflation port 62. 

Pressurization of the interior of the housing 16 with inflation fluid via the inflation 
port 62 causes the housing 16 to expand. This creates a control chamber 26 between the 
partition membrane 64 and the pumping membrane 14. A pumping chamber 24 exists on 
the opposite side of the pumping membrane 14 from the control chamber 26. The 
pumping chamber 24 is shown relative to the inwardly flexed pumping membrane 14 as 
indicated by the dashed line 14A. The pumping membrane 14 is flexed inwardly to the 
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approximate position indicated by the inner dashed line 14A by evacuation of the control 
chamber 26 via the control port 60, thereby drawing vascular fluid into the pumping 
chamber 24 of the CAD 10. Prcssurization of the control chamber 26 with control fluid 
via the control port 60 causes the pumping membrane 14 to flex outwardly to the 
5 approximate vicinity of the outer dashed line MB, thereby expelling vascular fluid from 
the pumping chamber 24. When the control chamber 26 is pressurized, the partition 
membrane 64 might tend to deflect toward the housing 1 6. When the control chamber 26 
is evacuated, the partition membrane 64 might tend to deflect toward the pumping 
membrane 14. 

10 Figure 1 8 shows an embodiment of the CAD 10 incorporating a flow through type 

of housing 16. The housing 16 of this embodiment can consist essentially of an 
expandable stent 20 incorporating a membrane to form a substantially tubular fluid 
container. Expansion of the stent 20 can be achieved by any of the non-inflatable means 
discussed above. Once expanded, the housing 16 will not expand further during pumping 

15 cycles, thereby providing an efficient pumping enclosure for the pumping membrane 14. 
The housing 16 can be tethered to the catheter 12 such as by a plurality of sutures 66 or 
other attachment means. The housing 16 is open on both ends, thereby allowing flow of 
vascular fluid through the CAD 10. Prcssurization of the control chamber 26 within the 
pumping membrane 14 ejects vascular fluid from the pumping chamber 24. Such an 

20 embodiment would be particularly useful in the aorta, for augmentation of the aortic flow 
produced by the heart. The control chamber 26 would be evacuated during systole of the 
cardiac cycle, allowing the left ventricle to eject its load unimpeded. The control chamber 
26 would be pressurized with control fluid via the control port 60 during diastole of the 
cardiac cycle, thereby pumping an additional load of blood through the aorta, in between 

25 systolic pulses. 

OPERATION 

The CAD 10 is arranged in its contracted, or collapsed, state, with its smallest 
diameter. The CAD 10 is then inserted into and through the vascular system, such as 
30 through a guide catheter, or over a wire, as is well known in the art. When the CAD 1 0 
has been advanced to the area where circulatory assist is to be provided, the expansion 
mechanism, such as the stent 20, if present, is expanded along with the housing 16. This 
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expansion can be achieved hydrauHcally, thermally, or by manipulation of one of the 
forms of self-expanding elements. The expansion mechanism then holds the housing 16 
in the expanded state to form a pumping enclosure around the pumping membrane 14. 
The control chamber 26 is then evacuated to move the pumping membrane 14 in a first 

5 direction and draw vascular fluid into the pumping chamber 24. Control fluid is then 
introduced into the control chamber 26 to move the pumping membrane 14 in a second 
direction and expel vascular fluid from the pumping chamber 24. Introduction and 
evacuation of control fluid into and from the control chamber 26 may be synchronized to 
the systole or diastole of the heart cycle, using the ECG signal from the patient's heart. 

10 Upon completion of pumping, the expansion mechanism is compressed, or otherwise 
returned to its smaller diameter, and the CAD 1 0 is withdrawn from the vascular system. 

While the particular invention as herein shown and disclosed in detail is fully 
capable of obtaining the objects and providing the advantages hereinbefore stated, it is to 
15 be understood that this disclosure is merely illustrative of the presently preferred 
embodiments of the invention and that no limitations are intended other than as described 
in the appended claims. 
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CLAIMS 

We claim: 

1 1 . A circulatory assist device, comprising: 

2 a flexible tubular catheter, said catheter being sized for insertion into a vascular 

3 system of a patient; 

4 a selectively expandable inner membrane attached to said catheter, said inner 

5 membrane being disposable in the vascular system of the patient, with said 

6 catheter; 

7 a selectively expandable outer membrane attached to said catheter, said outer 

8 membrane substantially surrounding said inner membrane, said outer 

9 membrane being selectively maintainable in an expanded state; 

10 a control fluid flow device connected in flow communication with a control space 
I ] adjacent said inner membrane, said control fluid flow device being capable 

12 of selectively introducing a control fluid into, and removing a control fluid 

13 from, said control space, to cause said inner membrane to expand and 

14 collapse; and 

15 at least one port exposable to vascular fluid, said port being capable of allowing 

16 flow of vascular fluid into, and allowing flow of vascular fluid out of, said 

17 circulatory assist device, when said inner membrane expands and 

18 collapses. 
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1 2. A circulatory assist device as recited in claim 1 , wherein: 

2 said control space is between said inner membrane and said outer membrane, 

3 causing said irmcr membrane to collapse upon introduction of said control 

4 fluid into said control space, and causing said imicr membrane to expand 

5 upon removal of said control fluid from said control space; and 

6 said port is in said inner membrane, to allow flow of vascular fluid into and out of 

7 said inner membrane, as said inner membrane expands and collapses. 

1 3. A circulatory assist device as recited in claim 1 , wherein: 

2 said control space is within said inner membrane, causing said inner membrane to 

3 expand upon introduction of said control fluid into said control space, and 

4 causing said inner membrane to collapse upon removal of said control 

5 fluid from said control space; and 

6 said port is in said outer membrane, to allow flow of vascular fluid into and out of 

7 a pumping space between said inner membrane and said outer membrane, 

8 as said inner membrane expands and collapses. 
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1 4. A circulatory assist device, comprising: 

2 a catheter; 

3 a housing attached to said catheter, said housing being selectively expandable 

4 from a first, smaller, volume to a substantially rigid state having a second, 

5 larger, volume, said housing being selectively maintainable in said 

6 expanded state; 

7 a selectively deflectable pumping membrane attached to said catheter, said 

8 pumping membrane being disposed substantially within said housing to 

9 divide said housing into a control chamber and a pumping chamber; 

10 a control fluid flow device connected in flow communication with said control 

11 chamber, said control fluid flow device being capable of selectively 

12 evacuating said control chamber, to cause said pumping membrane to 

13 deflect in a first direction, said control fluid flow device being capable of 

14 selectively introducing a control fluid into said control chamber, to cause 

15 said pumping membrane to deflect in a second direction; and 

16 an opening in said pumping chamber exposable to vascular fluid, whereby 

17 deflection of said pumping membrane in said first direction draws vascular 

18 fluid into said pumping chamber, and deflection of said pumping 

19 membrane in said second direction ejects vascular fluid from said pumping 

20 chamber. 

1 5. A circulatory assist device as recited in claim 4, wherein said control fluid 

2 flow device is capable of synchronization with the heart cycle of a patient. 

1 6. A circulatory assist device as recited in claim 4, fiirther comprising an 

2 expansion mechanism attached to said housing. 

1 7. A circulatory assist device as recited in claim 6, wherein said expansion 

2 mechanism is disposed within said housing. 
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1 8. A circulatory assist device as recited in claim 6, wherein said expansion 

2 mechanism is incorporated in a wall of said housing. 

1 9. A circulatory assist device as recited in claim 6, wherein said expansion 

2 mechanism comprises an expandable stent, said stent being expandable from a first 

3 relatively smaller diameter to a second relatively larger diameter 

1 10. A circulatory assist device as recited in claim 6, wherein said expansion 

2 mechanism comprises a self-expanding element, said self-expanding element being 

3 expandable from a first relatively smaller diameter to a second relatively larger diameter. 

1 1 1 . A circulatory assist device as recited in claim 4, wherein: 

2 said pumping membrane comprises an inflatable balloon mounted on said 

3 catheter; 

4 said control chamber is between said pumping membrane and said housing; 

5 said pumping chamber is within said pumping membrane; 

6 said vascular fluid opening is in said pumping membrane; 

7 said pumping membrane collapses upon introduction of said control fluid into said 

8 control chamber; and 

9 said pumping membrane expands upon evacuation of said control fluid from said 

10 control chamber. 
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1 12. A circulatory assist device as recited in claim 4, wherein: 

2 said pumping membrane comprises an inflatable balloon mounted on said 

3 catheter; 

4 said control chamber is within said pumping membrane; 

5 said pumping chamber is between said pumping membrane and said housing; 

6 said vascular fluid opening is in said housing; 

7 said pumping membrane expands upon introduction of said control fluid into said 

8 control chamber; and 

9 said pumping membrane collapses upon evacuation of said control fluid from said 

10 control chamber. 

1 1 3. A circulatory assist device as recited in claim 4, wherein: 

2 said pumping membrane comprises a substantially flat wall attached to said 

3 housing and to said catheter; 

4 said control chamber is on a flrst side of said pumping membrane, between said 

5 pumping membrane and said housing; 

6 said pumping chamber is on a second side of said pumping membrane opposite 

7 said first side; 

8 said vascular fluid opening is in said housing; 

9 said pumping membrane flexes inwardly into said housing upon evacuation of said 

10 control fluid from said control chamber; and 

1 1 said pumping membrane flexes outwardly from said housing upon introduction of 

12 said control fluid into said control chamber. 
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1 14. A circulatory assist device as recited in claim 4, wherein: 

2 said pumping membrane comprises an inflatable balloon mounted on said 

3 catheter; 

4 said housing comprises a tubular member; 

5 said control chamber is within said pumping membrane; 

6 said pumping chamber is between said pumping membrane and said tubular 

7 housing; 

8 a first said vascular fluid opening is in a first end of said tubular housing; 

9 a second said vascular fluid opening is in a second end of said tubular housing; 

10 said pumping membrane expands upon introduction of said control fluid into said 

1 1 control chamber; and 

12 said pumping membrfine collapses upon evacuation of said control fluid from said 

13 control chamber. 

1 1 5. A method of assisting circulation of a vascular fluid, comprising: 

2 providing a catheter mounted circulation device having an inner membrane and an 

3 outer membrane, with a control space adjacent said inner "membrane, said 

4 outer membrane also being mechanically fixable in an expanded state, said; 

5 circulation device having at least one vascular fluid flow port; 

6 inserting said circulation device through a vascular system of a patient, to a 

7 desired location where said at least one vascular fluid flow port is exposed 

8 to vascular fluid; 

9 expanding said outer membrane; 

10 holding said outer membrane in said expanded state; 

11 altematingly introducing a control fluid into said control space and evacuating 

12 control fluid from said control space to altematingly expand and collapse 

13 said inner membrane, thereby drawing vascular fluid into, and expelling 

14 vascular fluid from, said circulation device. 
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1 16. A method of assisting circulation of a vascular fluid as recited in claim IS, 

2 wherein: 

3 said control space is between said inner membrane and said outer membrane; 

4 said at least one vascular fluid flow port is in said inner membrane; 

5 said introduction of said control fluid into said control space collapses said inner 

6 membrane, thereby expelling said vascular fluid from said inner 

7 membrane; and 

8 said evacuation of said control fluid from said control space expands said inner 

9 membrane, thereby drawing said vascular fluid into said inner membrane. 

1 1 7. A method of assisting circulation of a vascular fluid, comprising: 

2 providing a catheter mounted circulation deyjce having a housing and a pumping 

3 membrane, with said pumping membrane dividing said housing into a 

4 control chamber and a pumping chamber; 

5 inserting said circulation device through a vascular system of a patient, to a 

6 desired location where at least one opening of said pumping chamber is 

7 exposed to vascular fluid; 

8 expanding said housing; 

9 holding said housing in said expanded state; 

10 evacuating said control chamber to deflect said pumping membrane in a first 
1 ] direction, thereby drawing vascular fluid into said pumping chamber; and 

12 introducing a control fluid into said control chamber to deflect said pumping 

13 membrane in a second direction, thereby expelling vascular fluid from said 

14 pumping chamber. 

1 18. A method of assisting circulation of a vascular fluid as recited in claim 17, 

2 further comprising synchronization of introduction and evacuation of control fluid vnth 

3 the heart cycle of the patient. 
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1 19. A method of assisting circulation of a vascular fluid as recited in claim 17, 

2 wherein: 

3 said pumping membrane comprises an inflatable balloon mounted on said 

4 catheter; 

5 said control chamber is between said pumping membrane and said housing; 

6 said pumping chamber is within said pumping membrane; 

7 said at least one vascular fluid flow port is in said pumping membrane; 

g said evacuation of said control fluid from said control chamber expands said 

9 pumping membrane, thereby drawing said vascular fluid into said pumping 

10 chamber; and 

1 1 said introduction of said control fluid into said control chamber collapses said 

12 pumping membrane, thereby expelling said vascular fluid from said 

1 3 pumping chamber. 

1 20. A method of assisting circulation of a vascular fluid as recited in claim 17, 

2 wherein: 

3 said pumping membrane comprises an inflatable balloon mounted on said 

4 catheter; 

5 said pumping chamber is between said pumping membrane and said housing; 

6 said control chamber is within said pumping membrane; 

7 said at least one vascular fluid flow port is in said housing; 

8 said evacuation of said control fluid from said control chamber expands said 

9 pumping membrane, thereby drawing said vascular fluid into said pumping 

10 chamber; and 

11 said introduction of said control fluid into said control chamber expands said 

12 pumping membrane, thereby expelling said vascular fluid from said 

13 pumping chamber. 
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1 21 . A method of assisting circulation of a vascular fluid as recited in claim 17, 

2 wherein: 

3 said pumping membrane comprises a substantially flat wall attached to said 

4 housing and to said catheter; 

5 said control chamber is on a first side of said pumping membrane, between said 

6 pumping membrane and said housing; 

7 said pumping chamber is on a second side of said pumping membrane opposite 

8 said first side; 

9 said vascular fluid opening is in said housing; 

10 said evacuation of said control fluid from said control chamber flexes said 

11 pumping membrane inwardly into said housing, thereby drawing said 

12 , vascular fluid into said pumping chamber; and 

13 said introduction of said control fluid into said control chamber flexes said 

14 pumping membrane outwardly from said housing, thereby expelling said 

15 vascular fluid from said pumping chamber. 

1 22. A method of assisting circulation of a vascular fluid as recited in claim 1 7, 

2 wherein: 

3 said pumping membrane comprises an inflatable balloon mounted on said 

4 catheter; 

5 said housing comprises a tubular member; 

6 said control chamber is within said pumping membrane; 

7 said pumping chamber is between said pumping membrane and said tubular 

8 housing; 

9 a first said vascular fluid opening is in a first end of said tubular housing; 

10 a second said vascular fluid opening is in a second end of said tubular housing; 

11 said evacuation of said control fluid from said control chamber collapses said 

12 pumping membrane, thereby drawing said vascular fluid into said pumping 

13 chamber; and 

14 said introduction of said control fluid into said control chamber expands said 

15 pumping membrane, thereby expelling said vascular fluid from said 

1 6 pumping chamber. 
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